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Abstract 
The minority-carrier lifetime is a crucial parameter for the improvement of electronic or optoelectronic materials 
and particularly solar cells. We have investigated the potential of the time-correlated single photon counting 
(TCSPC) for the measurement of time-resolved photoluminescence (TRPL) and the direct determination of the 
effective minority-carrier lifetime in silicon. The TRPL technique was found to be in very good agreement with 
quasi-steady state and transient photoconductance results obtained from Sinton Instruments and micro-wave photo-
conductance from Semilab. We have demonstrated the ability to evaluate the effective carrier lifetime of silicon 
substrates over a broad range of values (between a few μs and less than 500 μs). 
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1.  Introduction 
A variety of techniques for measuring the minority-carrier lifetime in silicon has been developed due to the im-
pact of this parameter on the solar cell efficiency. Various equipments for lifetime measurements are commercially 
available like quasi-steady state photoconductance (QSSPC) [1], micro-wave photoconductance (μW-PCD) [2] or 
quasi-steady state photoluminescence (QSSPL) [3]. Recently, dynamic photoluminescence (PL) [4-5] has been 
developed as a fast, contactless and above all calibration-free method for materials properties improvements or for 
routinely characterizations in mass production. This method generally consists in the acquisition of a few PL images 
during the modulated optical excitation. 
In this work, we report on time-resolved photoluminescence (TRPL) based on a time-correlated single photon 
counting (TCSPC) set-up. The transient “on-off” PL signal is recorded and a direct fit of the exponential PL decay 
provides the effective carrier lifetime. TRPL techniques have been widely used for the characterization of III-V’s, 
CdTe, CIGS  materials [6] where the PL signal level is high but rarely reported for silicon [7,8]. Indeed, TCSPC 
techniques are normally used to monitor fast charge carrier dynamics which is not the case in silicon. The aim of 
this work is to assess the ability of TCSPC with a dedicated electronics to provide a direct measurement of the effec-
tive lifetime of minority carrier in silicon over a reasonable range of lifetime values (ideally μs to ms) and to evalu-
ate the TCSPC equipment by comparison with existing lifetime measurement methods. 
2. Experimental details 
The PL decay measurements were performed at room temperature. The excitation signal was provided by a laser 
diode which emits at 870 nm with a maximum power of 85 mW. The illuminated area was ~ 1 mm2. The laser diode 
output was modulated by a periodic square-wave signal. The laser diode had very short rise and fall times (<1.5 ns). 
The modulation period and duty cycle could be adapted to the sample characteristics. As shown in Fig. 1, the PL 
signal was collected and directed through a monochromator which selects the wavelength corresponding to the 
band-to-band recombination in silicon (around 1140 nm). The output PL signal was collected with an optical fiber 
plugged into a compact single photon counting system (SPD_A_M1 from Aurea Technology). The initial 
SPD_A_M1 system was modified by the company to access long decay times. The TRPL signal was detected with a 
cooled InGaAs-based single photon avalanche diode. The photon counting was synchronized with the modulated 
excitation via a time-correlation acquisition software. The measurement was carried out over multiple cycles in 
order to maximize the signal-to-noise ratio. 
 
Fig. 1. Principle of the TRPL measurement using TCSPC. 
For the sake of comparison, QSSPC and transient photoconductance lifetime measurements were carried out on a 
WCT120-PL from Sinton Intruments and μW-PCD lifetime mapping was achieved by a WT-2000PV equipment 
from Semilab Co. Ltd. In the case of the μW-PCD measurement, the excitation was performed by a laser at 905 nm 
with a pulse duration of 200 ns and an energy of 2.6 μJ per pulse. The QSSPC and transient photoconductance 
measurements were performed with a broad infrared excitation spectrum during several ms and several 100 μs re-
spectively. 
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3. Experimental results and discussion 
3.1 Validation of the TCSPC lifetime measurements 
For a n-type Si substrate (with a doping concentration of ௗܰ ) where the equilibrium free-electron concentration 
n0 is much larger than the free-hole concentration, the PL intensity ܫ௉௅ can be expressed as [9,10]:  
ܫ௉௅ሺݐሻ ൌ ܥߚ௥ ׬ ሺ݊଴ሺ࢘ǡ ݐሻο݌ሺ࢘ǡ ݐሻ ൅ ο݌ሺ࢘ǡ ݐሻο݊ሺ࢘ǡ ݐሻሻ݀ଷ࢘

௏                                                (1) 
 
where ܥ is a constant related to the collected fraction of PL, ߚ௥ is the radiative recombination coefficient, V is the 
luminescence volume and ο݊ and ο݌ are respectively the excess of electron and hole concentrations that are consid-
ered to be equal. When the illumination is switched off, the time variation of the excess carrier concentration (p) in 
the material is given by [5] as long as eff is constant within the injection range under consideration: 
ௗሺο௣ሺ௧ሻሻ
ௗ௧
ൌ െ ο௣ሺ௧ሻ
ఛ೐೑೑
                                                                               (2) 
 
At low injection level ( ο ൌ ο ا ୢ ൌ ଴) the first term of Eq. (1) dominates. The PL signal is proportional to 
the excess carrier concentration p(t), which is expected to decrease exponentially (according to Eq. (2)) with a 
time constant equal to the effective lifetime (ɒୣ୤୤). ɒୣ୤୤ is the measurable parameter which includes the bulk lifetime 
and the surface recombination lifetime. At high injection level, we only consider the second term of Eq. (1). In this 
case, the PL signal is now related to the square of the excess hole concentration. We assume that the PL signal can 
be approximated by ሺെ ʹ ɒୣ୤୤ൗ ሻ. Consequently, the effective lifetime is two times the time constant obtained 
from the exponential decay approximation.  
 
The black histogram on Fig. 2 presents a TRPL measurement of an n-type monocrystalline silicon substrate (with 
a doping level of ~ 3x1015 cm-3) passivated on both sides by a SiNx layer. The blue curve illustrates the shape of 
the light pulse modulated at a frequency close to 1 kHz. During the first 480 μs, the sample is illuminated and one 
can observe the increase of the TRPL photon counts until the saturation of the excess carrier generation. Then, dur-
ing the “off condition” (the last 480 μs), the TRPL signal exhibits an exponential decay.  
 
Fig. 2. Histogram of a TRPL measurement of a silicon substrate passivated on both sides. The blue curve illustrates the light intensity modula-
tion. The red dotted line is the exponential fit of the PL decay. 
The injection level was estimated from PC1D simulations [11] at 6.2x1016 cm-3 for a laser illumination power of 
85 mW. The sample was under high injection and the effective lifetime was estimated to be about 68 μs from the 
exponential fit of the PL decay. 
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Fig. 3a illustrates the lifetime mapping of the same sample, performed by μW-PCD. The measured minority car-
rier lifetimes are in the range 30 - 200 μs. The black circle represents the area characterized by TRPL where the 
μW-PCD lifetime is between 65 and 74 μs. The injection level was estimated to be about 5.3x1016 cm-3. Although 
TRPL and μW-PCD measurements were performed at similar injection levels, the excitation conditions are very 
different. In the μW-PCD experiment, the sample is illuminated with a very short pulse (200 ns) and a high intensity 
(1680 W/cm2) whereas in TRPL, the light pulse has a relatively low intensity (5.7 W/cm2) and is long enough (480 
μs) to reach the saturation of the excess carrier generation (after ~ 300 μs for the sample under study). These differ-
ent illumination conditions induce contrasting excess of carrier density distributions. Fig. 3b shows the initial carrier 
density distributions when the illumination is switched off. These carrier distributions are calculated using PC1D 
software. For the TRPL measurement, the excess of carrier density is given for the steady state condition. For the 
μW-PCD measurement, a temporal calculation was performed during a rectangular pulse excitation (with the char-
acteristics specified previously) in order to evaluate the excess of carrier density at the end of the “on condition” (at 
t=200 ns). 
On Fig 3.b, the μW-PCD pulse induces a high injection level excitation at the front surface of the sample and the 
measurement is more sensitive to the front surface, while the TRPL measurement probes the sample more uniformly 
along its depth. Similar consideration concerning the μW-PCD measurements have already been discussed [12]. In 
the particular case under study, we can consider that the surface passivation only induces a small effect on the meas-
urement due to its good quality. This explains that the results obtained by TRPL and μW-PCD techniques are in 
good agreement. 
 
  
Fig. 3. (a) Lifetime mapping (of the same sample than Fig. 1) obtained by μW-PCD. (b) Excess carrier density distributions along the depth of the 
sample after illumination was switched off, from PC1D simulations. 
QSSPC and transient photoconductance decay characterizations were performed with a uniform excess carrier 
distribution in the sample thanks to a rather long infrared flash illumination. These measurements were also carried 
out on the same sample and were compared to TRPL measurements achieved for various excitation powers. For 
each laser power (between 5 and 85 mW), the TRPL histogram was recorded and the injection level was calculated 
using PC1D software. The effective lifetime values were deduced for each laser power from the exponential fit of 
the TRPL signals. Fig. 4 shows a good agreement between the results obtained with these two characterization tech-
niques. The small discrepancies could be explained by the difference between the probed areas: QSSPC and transi-
ent photoconductance results were averaged over a 3 cm2 area while the TRPL was evaluated on a localized zone of 
roughly 1 mm2.  
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Fig. 4. Comparison between QSSPC, transient photoconductance and TRPL lifetime measurements. 
3.2. Limitations of the TRPL experimental set-up 
We have demonstrated that TRPL measurements using TCSPC allows a direct evaluation of the effective minori-
ty carrier lifetime. In this section, we will discuss about the limitations of the experimental set-up. For that purpose, 
we will study a short and a long lifetime sample. 
Fig. 5a shows an example of a TRPL measurement of a low lifetime sample. A non passivated texturized n-type 
silicon substrate with a doping level of 5x1015 cm-3 was selected for this characterization. In order to adapt the 
measurement conditions to a short lifetime, the modulation period was reduced to ~ 200 μs. The effective lifetime 
was estimated to be around 4 μs for a low injection level roughly approximated at 3x1015 cm-3. In the current con-
figuration, the experimental set-up is able to evaluate minority carrier lifetime of the order of a few μs and is limited 
by the detection level of the PL signal. 
Fig. 5b presents the TRPL measurement of a long lifetime sample on a double side polished n-type Si substrate 
(with a doping level of 3x1015 cm-3) passivated with Si-rich silicon nitride. The measurement was performed with 
the maximum modulation period (1 ms). In this case, the excess carrier generation cannot reach its saturation after 
an illumination of 500 μs (see in comparison the red dotted guideline). Consequently at the end of the “on condi-
tion”, the injection level achieved is different from the steady state injection level. Moreover, we also observe on 
Fig. 5b that the PL decay has not reached zero at the end of the modulation period (blue dotted guideline). In order 
to properly analyze the TRPL decay signal, the sample must be characterized under stabilized conditions before the 
end of the “off condition”. If this is not verified, a substantial quantity of the excess minority carriers still remain 
present at the end of the modulation period and will modify the injection level at the following period [13]. As the 
TRPL characterization technique is based on the accumulation of the PL signal over several modulation periods, the 
excitation conditions have to be scrupulously consistent from one period to the next. Consequently, samples with a 
too high minority carrier lifetime (≥ 500 μs) cannot be measured by TRPL under our current working conditions. 
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Fig. 5. TRPL measurements of a texturized and non passivated n-type silicon substrate (a) and SiNx passivated n-type silicon substrate (b). 
3.3. An example of process monitoring using TRPL 
TRPL lifetime measurements can be used for routine characterizations of solar cells or to assess the impact of 
one specific fabrication step on the future performance of the cell. To illustrate the potential of the set-up for evalu-
ating the processing steps, a texturized n-type monocrystalline Si wafer was passivated on both sides by a stack 
SiO2/SiNx and was submitted to a firing step at about 800°C in a standard belt furnace to simulate the sintering pro-
cess of the metal contacts. TRPL characterizations of the wafer were performed before and after heat treatment, on 
the same area on the sample (see Fig. 6). These measurements clearly evidence the decrease of the minority carrier 
lifetime from 86 μs before firing to 60 μs after firing. The results were confirmed by μW-PCD measurements. 
 
Fig. 6. TRPL measurements on a passivated silicon substrate before and after firing. 
4. Conclusion 
In this study, we have demonstrated the possibility to assess the effective minority carrier lifetime in silicon by 
time-resolved photoluminescence using time-correlated single photon counting. The effective lifetimes are directly 
deduced from the exponential decay of the TRPL signal without calibration sequences. A very good agreement was 
obtained between the results achieved by the TRPL set-up and the standard microwave reflection photo-conductance 
decay (Semilab) and quasi-steady-state or transient photo-conductance (Sinton Instruments). The TRPL characteri-
zation technique offers the possibility to measure a wide range of minority carrier lifetimes: between a few μs and 
less than 500 μs under the current working conditions. One particular advantage of TCSPC is a greater accuracy to 
evaluate short lifetimes in silicon (~ a few μs). Further work will concern the determination of other material param-
eters (like surface recombination velocities, bulk lifetime …) and the analysis of asymmetrical structures with emit-
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ters. Finally, the PL signal collection will be improved to increase the signal to noise ratio and access a broader 
range of lifetimes. 
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